We investigate the origin of fast 1.5 μm photoluminescence from Er-doped SiO 2 sensitized with silicon nanocrystals, which appears and decays within the first microsecond after a short laser excitation pulse. Timeresolved and temperature-dependent measurements on the 1.5 μm emission from Er-doped and Er-free samples reveal that the major part of this emission is Er related. A possible contribution from other photoluminescence bands, specifically of the defect-related band centered around 1.3 μm, has also been considered. All the results obtained indicate the dominant contribution of Er 3+ ions to the fast 1.5 μm emission in the investigated materials. We propose two possible mechanisms behind the fast excitation and quenching of Er 3+ 1.5 μm emission, which are both facilitated by Er-related trap centers with ionization energy of E A ≈ 60 meV.
I. INTRODUCTION
Rare-earth-doped materials have been investigated for a number of years in order to develop practical light sources for photonic applications. Among such materials Er-doped crystalline Si (c-Si:Er) was believed to be a promising system where the most advanced and successful Si technology could be used to manufacture optical elements whose emission coincides with the 1.5 μm minimum absorption band of silica fibers used in telecommunications. Upon investigation, c-Si:Er emerged as a difficult material both to understand and in engineering.
1,2 Then a new approach of doping the SiO 2 matrix with Er 3+ ions and silicon nanocrystals (SiNCs) was proposed. It is now well established that there exists a strong interaction between SiNCs and Er 3+ ions in a SiO 2 matrix. [3] [4] [5] [6] [7] In such materials, upon illumination, light is initially absorbed by the SiNCs due to their large absorption cross section in the visible region. 8 The absorbed energy is then transferred to the Er 3+ ions located inside and in the vicinity of the SiNCs, taking these ions to excited states. In this way an indirect excitation channel of Er 3+ ions dispersed in SiO 2 is created and 1.5 μm emission appears, as the Er 3+ ions relax from 4 [10] [11] [12] The most direct evidence for the coexistence of the two excitation mechanisms has been found from investigations on the quantum efficiency of Er-related PL in the Er-SiNC system. 13 Detailed investigation of the dynamics of 1.5 μm PL emission shows three different regimes: (i) in times shorter than 1 μs, an intense emission appears instantaneously after the laser pulse and rapidly decays toward a temporary minimum; (ii) there is then a slow temporal rise of PL on a microsecond time scale; (iii) there is a final slow decay on a millisecond time scale. 12, 14, 15 While the slow rise and decay-regimes (ii) and (iii)-are conclusively assigned to the emission from 4 12 This interpretation has been challenged on the basis that a similar fast PL at 1.5 μm was also observed in Er-free SiO 2 :SiNC samples. [15] [16] [17] Therefore it has been postulated that the fast PL at 1.5 μm arises due to deep trap centers which emit in the visible and infrared regions. 15 Following yet another interpretation, the fast infrared emission is related to recombination at defect centers either in the SiO 2 matrix or at the interface with the SiNCs. 16, 17 Therefore the origin of the fast 1.5 μm emission-regime (i)-and the related energy transfer mechanism are still under debate.
The purpose of this study is to address the above-mentioned issues and resolve the origin of the 1.5 μm submicrosecond emission. For this we have investigated the time and temperature dependence of 1.5 μm emission from purposefully prepared SiO 2 :SiNCs samples with and without Er 3+ ions. The behavior of the PL dynamics for wavelengths other than that of Er-related emission (in this case 1.4 μm) has also been investigated. On the basis of this study we confirm that in the investigated materials the fast PL at 1.5 μm is related to emission from Er 3+ ions.
II. EXPERIMENTAL DETAILS
The investigated 2-μm-thick layers containing just SiNCs in SiO 2 or codoped with Er 3+ ions have been fabricated by the radio frequency cosputtering technique. The sputtering procedure was followed by annealing for 30 min in N 2 atmosphere at 1150
• C. Further details of sample preparation can be found elsewhere. 4 The PL experiments were performed under pulsed excitation in the visible spectral range, provided by a tunable optical parametric oscillator pumped by the third harmonic of a Nd:YAG laser (where YAG indicates yttrium aluminum garnet), with pulse duration of 5 ns and repetition rate of 20 Hz. The samples were placed on the cold finger of a closed-cycle cryostat and measurements were taken at temperatures ranging from 7 to 300 K. PL spectra were resolved with a TRIAX 320 spectrometer and detected with an InGaAs photomultiplier tube (Hamamatsu R5509-72). For TR measurements of PL dynamics, the photomultiplier tube was working in time-correlated single-photon-counting mode. The overall temporal resolution of the experiments was limited by the laser pulse to ∼5 ns. Figure 1 shows the PL spectra of the sample with Er 3+ ions at room temperature (RT) and at T = 7 K. The measurements were performed under excitation at λ exc = 450 nm (2.75 eV), i.e., not in resonance with any internal transition of Er 3+ ions. SiNC-and Er-related bands can be seen around 0.9 and 1.5 μm, respectively. In addition, at low temperature a third broad band peaking at 1.3 μm can also be distinguished, having a nanosecond decay time constant; consequently its time-integrated intensity is small when compared to the other two bands. Similar emission around 1.3 μm has been observed in the past and is usually identified as recombination at defects. [18] [19] [20] [21] [22] In the present case, this defect band becomes relevant due to the fact that its shoulder at longer wavelengths might overlap with the 1.5 μm Er-related emission. At RT, the Er-related band broadens while its wavelength-integrated intensity remains practically constant. This could be due to population of upper states of the crystal-field-split multiplets of Er 3+ ions. 14 We also note that the higher-energy side of the SiNC-related band suffers from strong temperature quenching. This high-energy shoulder has been observed before and is believed to arise due to hot carrier recombination from higher electron (and/or hole) levels of SiNCs. 14 The results of TR-PL from Er-doped and Er-free samples are summarized in Fig. 2. Figures 2(a)-2(c) 
III. RESULTS AND DISCUSSION
Now we turn our attention to possible overlap between the defect-and Er-related PL bands. In order to investigate this we have examined two different approaches. First, we considered that the defect-related band has the same origin in the Er-doped and Er-free samples. Therefore, we compared the PL dynamics at 1.5 μm from both samples. Results for T = 7 and 300 K are shown in Figs. 3(a) and 3(b) . The dynamics are then scaled according to their intensity ratio in the PL spectra. Afterward the scaled PL signal at 1.5 μm from Er-free sample is subtracted from the Er-doped sample. This has been done for temperatures between 7 and 300 K, and the results are shown in Fig. 3(c) . We conclude that after subtraction there remains a fast signal at 1.5 μm which can now be assigned to emission from the first excited 4 I 13/2 state of Er 3+ ions. As a side product of this data treatment we have also estimated the percentage of defect-related PL that might contribute to the total PL at 1.5 μm in our material as not more than 24%.
In the second approach we considered that the defectrelated emission can be modified due to the presence of Er 3+ ions. For this we first analyze the PL dynamics from the Er-doped sample at 1.4 μm, which is outside the range where the Er-related emission due to the 4 I 13/2 → 4 I 15/2 transition appears. Figures 4(a) and 4(b) compare the PL dynamics at 1.4 and 1.5 μm for RT and T = 7 K from the Er-doped sample. Both PL signals detected at 1.4 and 1.5 μm, show the fast nanosecond time decay, slowing down with decreasing temperature. In order to remove the possible contribution of defect emission from the Er-related PL, we carefully subtracted the 1.4 μm dynamics from the 1.5 μm dynamics, extending the procedure over the temperature range between 7 and 300 K, as shown in Fig. 4(c) . The data have been normalized and subtracted in such a way that after subtraction, the remaining signal has positive amplitude for the whole dynamical range. In this way we possibly subtracted too much of the signal but never too little. As can be seen, after the subtraction procedure we are again left with a strong fast nanosecond signal. We also calculated the percentage of 1.4 μm defectrelated PL that might contribute to the band at 1.5 μm and this is not more than 40%. Hence, using two different approaches we conclude that in our study the main part of the fast emission at 1.5 μm is Er-related. As a result of this data treatment the rise of the slow 1.5 μm signal [region (ii)], believed to result from transitions from higher states of Er 3+ ions, also becomes distinguishable [ Fig. 4(c) ]. In a direct measurement at low temperatures, this rise cannot be seen as it is merged with the broad defect band. After the data treatment it emerges and can be followed over the entire temperature range.
We have therefore established that the fast PL at 1.5 μm observed in this study is due to the 4 I 13/2 → 4 I 15/2 transition in Er 3+ ions, but the question remains of how it is possible for Er 3+ PL to appear and decay within the first microsecond after the laser pulse. While the present study does not conclusively resolve this issue, two possible mechanisms satisfy the condition that Er 3+ ions rapidly attain the first excited 4 I 13/2 state.
(i) For Er 3+ ions outside the SiNCs in the SiO 2 matrix, an Auger-like process can transfer excess energy of hot carriers from SiNCs to nearby Er 3+ ions. Up to ∼50% of all Er 3+ content is in the effective range of this interaction. 12, 14 Fast deexcitation of these Er 3+ ions can take place by a reverse process, in which the energy is transferred back to carriers confined in the NCs. When the involved transition does not match the energy conservation requirements, this process must be phonon assisted, 14 which will manifest itself by characteristic temperature dependence of the decay time constant.
(ii) Er 3+ ions inside the SiNCs or trapped at the SiNC/SiO 2 boundary are susceptible to an instantaneous excitation directly into the first excited state via direct absorption of photons with sufficient energy to excite erbium and create an electron-hole pair in the NC.
14 These Er 3+ ions located in the NC can induce a donor center, as a result of which they will deexcite nonradiatively very fast, as observed also in bulk Si:Er. 23 We have observed from Figs. 3(c) and 4(c) that the PL signal is quenched with temperature increase. Previous studies have shown that the activation energy derived from the temperature dependence of the PL intensity can give information on the microscopic mechanism responsible for this quenching. [24] [25] [26] We have observed that the PL signal from the defect-related band at 1.4 μm is also quenched with temperature. Therefore, the microscopic origin of the defect-and Er-related bands can be distinguished if we determine the activation energies of the two bands. For this we have integrated the PL intensity over the first 200 ns for the 1.5 μm and 1.4 μm bands from the Er-doped sample and plotted it against temperature (Fig. 5) . A fit of the Arrhenius equation (dotted line in Fig. 5) gives the activation energy for the two bands, which is E A ≈ 60 meV for the 1.5 μm band and E A ≈ 90 meV for the 1.4 μm band. Therefore, we conclude that different centers are responsible for the thermal quenching of Er-related and defect-related PL bands, which serves as an independent proof of their different origin.
At this point, we suggest that there exist Er-related trap levels with ionization energy of 60 meV. 27, 28 These trap levels are responsible for efficient excitation of Er 3+ ions into the first excited state, while the reverse process takes the Er 3+ ions back to the ground state. Thermally induced ionization of these trap levels is responsible for the observed temperature quenching. It is also possible that Er 3+ ions placed outside SiNCs give the standard slow rise (microsecond) and decay (millisecond) of the PL signal, while only the Er 3+ ions located inside SiNCs contribute to the the fast process. 
IV. CONCLUSION
We have shown that for the high-temperature-annealed SiNCs investigated in this study the major part of the fast PL at 1.5 μm originates from the radiative 4 I 13/2 → 4 I 15/2 transition of Er 3+ ions. The activation energy of 60 meV derived from thermally induced quenching of this PL band shows that there are Er-related trap centers which are responsible for the fast rise and fast decay of the 1.5 μm signal. The fast signal might also be related to Er 3+ ions located inside the SiNC cores, where excitation and deexcitation become very efficient. These results offer additional insights for the understanding of Er-related energy transfer mechanisms in sensitized matrices.
